Abstract-This paper analyzes the performance of multicarrier index modulation (MCIM) with greedy detection (GD) in a dual hop, multiple decode and forward (DF) relay network. We propose a novel partial relay selection (PRS) technique combined with index modulation and its energy detection. For performance analysis, we derive novel closed form solutions for both the average pairwise error probability (PEP) and the average symbol error probability (SEP) at the relays and destination over Nakagami-m fading channels. Unlike the information theoretical works, with presence of positive detection error in the relays, the derived expressions provide a useful insight into the error performance of PRS based MCIM in a multiple DF relay network under various fading conditions. Also, we address the impacts of both relays and different rates of sub-carrier index activation.
I. INTRODUCTION
Recently the demand for lower power consumption, and lower complexity, with increased reliability has increased significantly in machine type communications (MTC) applications. For this, 3GPP has released the standardization of the MTC (e.g., 3GPP's NB-M2M [1] ), aiming to provide a low data-rate, high reliability solution. In recent years there has been a growing interest in index modulation techniques. In particular, multicarrier index modulation (MCIM) uses indices of sub-carriers as an additional degree of freedom which results in the transmission of additional data without consuming additional power or bandwidth. MCIM has been considered as a promising candidate to improve the reliability in various designs of MTC.
Improvements to the performance of MCIM have been presented in [2] [3] [4] . In [5] , multiple-input multiple-output (MIMO) MCIM (or MIMO-OFDM-IM) was introduced, and later [6] looked at MCIM as a promising candidate for 5G mobile broadband as it provided better bit error rate (BER) performance, a flexible system design, and a better compatibility to large MIMO setups. However, there has been less of a focus on the development of MCIM for device-to-device (D2D) systems, where system complexity is critical. In order to address this issue, [7] proposed a low complexity energy based detection scheme for MCIM. In [8] , the performance of MCIM was analyzed for in-vehicular D2D wireless networks. The inferior power gain of the energy based detection scheme was improved with diversity combining in [9] .
Relay technology is an efficient solution that improves the reliability of a communication network without much expenditure. In [10] , an overview of relay selection for mutlicarrier systems is presented. In [11] , multicarrier relay selection schemes for OFDM are presented. However, to the best of the authors knowledge partial relay selection (PRS) for multicarrier systems has not been investigated. For PRS, channel information is only required locally at the source node, which enables to reduce overall complexity at high selection diversity.
In this work, we consider a MCIM based multiple DF relay network, where a source device intends to communicate with a destination device via multiple relays and a direct link. For each transmission, we propose the MCIM with greedy detection (GD) leveraging benefits of designing a novel partial relay selection (PRS) scheme. The main contributions can be summarized as follows; we create an MCIM structure with a novel partial relay selection scheme and low complexity GD; for the performance evaluation, we derive closed form solutions for both the average pairwise error probability (PEP) and the average symbol error probability (SEP) of the relays and destination over Nakagami-m fading channels; with presence of positive detection errors in relays and destination, the derived expressions provide a useful insight into the error performance of PRS based MCIM in multiple DF relay networks as well as the impact of PRS and relays, under various fading conditions.
II. SYSTEM MODEL

A. Multi-relayed MCIM
Consider a MCIM based multiple DF relay communication network where a source node (S) intends to communicate to the destination (D), via Q DF relays (R r ), where r = {1, . . . , Q} as illustrated in Fig. 1 . Assume that the transmission between S → R r , S → D , and R r → D, occur in two orthogonal time slots. In the first time slot the transmission between S → R r and S → D occur. For each transmission link, we employ a MCIM that has N c = GN total sub-carriers, being divided into G clusters of N subcarriers. For MCIM, K of N sub-carriers per cluster are dynamically activated according to the incoming bit-stream. Hence, K activated sub-carriers are modulated with M -ary symbols, while the remaining N − K sub-carriers are zero padded.
The set of K active sub-carrier indices is denoted by
where s g (k) ∈ S is a M -ary symbol and S denotes the complex symbol constellation. Each MCIM signal per cluster is generated using both J g and s g , as
T , where x g (α) ∈ S, for α ∈ J g , and x g ( α) = 0, for α / ∈ J g . The transmit power of non-zero data symbols is defined as
where E s is the average power per M -ary symbol and ω = N/K is the power allocation coefficient. Subsequently, G clusters are concatenated together to create the MCIM block, i.e.,
The total number of active sub-carrier index combinations is Suppose that the CFR between S → R r , S → D, and R r → D, can be defined, in the frequency domain, as
, where Δ ∈ {SR r , SD, R r D} , and h Δ (α) are assumed to follow flat Nakagami-m fading distribution for α ∈ J g , ∀g, being identically distributed (i.i.d.), where m ≥ 0.5 is the fading parameter which represents the fading severity.
In the first time slot, the received signals in the frequency domain can be given as,
where Λ ∈ {R r , D} , P S is the transmit power at S, x is an N × 1 MCIM block, and
T is an independent additive complex Gaussian noise vector between S and Λ, and n SΛ ∼ CN (0, IN 0 ), where I is the identity matrix and N 0 is noise variance. The average SNR per active sub-carrier is defined as γ = E s /τ N 0 , where τ = 1 /ω is the sub-carrier sparsity ratio. In the second time slot the received signals from R r → D and S → D transmission are combined using MRC. Where, the received signal from R r → D is given as,
where P R is the transmit power at R r , and x is the imperfectly decoded N × 1 MCIM block that was recovered at R r . In addition, y SRr and y RrD are combined at D using maximal ratio combining (MRC). Hence, the SNR of the α th active sub-carrier at D is defined as, For simplicity in analysis and without loss of generality, we propose the partial relay detection process in terms of only one cluster and the cluster index g is omitted from subscripts hereafter as each cluster operates independently.
B. Opportunistic Partial Relay Selection (OPRS)
Opportunistic partial relay selection for MCIM sub-carriers (OPRS) chooses the relay(s) that provides the largest channel gain, per active sub-carrier, between S and relays,
at S. The criterion for the relay selection at the α th active sub-carrier is to find the best among Q relays, whose channel gain satisfies,r
wherer α denotes the index of the selected relay for the α th active sub-carrier. Notice that each active sub-carrier will be relayed by the selected relayr α and this per-sub-carrier process allows at most K relays to be chosen for relaying.
Let R ∈ {r 1 , . . . ,r K } denote the set of indices of selected relays, where |R| ≤ K due to the possibility thatr i =r j . Based on the OPRS selection rule, the SNR of the α th active sub-carrier at the selected relayr α is defined as,
C. Greedy Detector (GD) Receiver
In the first time slot GD is used atr α to recover the data sent from S, while the second time slot GD is used at D to recover the combined data sent from S andr α . The GD requires a two stage detection process, where the indices of the active sub-carriers and the corresponding M -ary symbols are estimated separately, and ≤ K active sub-carrier indices and data symbols are recovered atr α . In the first stage, GD measures the combined-output signal energy of each subcarrier |y Δ (j)| 2 , where j ∈ {α,α} , and detects K active sub-carriers with the greatest energy, which is given as,
In the second stage, the non-zero M -ary symbols in x andx are detected, applying the maximum likelihood (ML) decision individually to the K estimated active sub-carriers, which is given as,
where z (α) ∈ x (α) ,ˆ x (α) are the detected elements from x andx respectively, and h (α) is the α th diagonal element of H Δ . Further details about the GD process is found in [9] .
III. ERROR PROBABILITY ANALYSIS
A. Pairwise Error Probability (PEP) Analysis
1) Instantaneous PEP for OPRS-MCIM with GD:
is the complementary PEP at R, and P EP D is the PEP at D. Secondly, when an error occurs at R, i.e., P 2 = P EP R , where P EP R is the PEP at R. Hence, the overall instantaneous PEP can be determined by a miss-detection of sub-carrier indices. Using the law of the total probability, this can be represented as,
The approximate instantaneous PEPs at Λ ∈ {r α , D α } is formulated as [8] ,
Substituting (9) into (8) yields our instantaneous PEP expression, which is given as,
2) Average PEP for OPRS-MCIM with GD:
The approximate average PEP can be found by taking the expectation of the (10) over the SNRs, which is given as,
Using the order statistics probability density function (PDF) of γ Srα becomes mathematically intractable for more complex generalized channels models, i.e., Nakagami-m. Hence, we use the extreme value theory approach which enables an asymptotic distribution for the maximum of Q i.i.d. RVs. This approach is shown to provide a tight bound to the exact PDF for as little as Q = 10, [12] . Given γ Srα is Gamma distributed with shape parameter m, and rate parameter m /γ, the asymptotic distribution of Q Gamma random variables can be given in the form of a Gumbel random variable, i.e., z = (γ Srα − μ Q ) /β Q , where μ Q and β Q are the generalized inverse and the auxiliary function, respectively, for the Gamma distribution [12] , which are given as
is the regularized lower incomplete Gamma function, Γ (m) is the gamma function, and P −1 (, ) is the inverse regularized lower incomplete Gamma function, which does not have a closed form solution but is available in mathematical software packages, such as Matlab, and Mathematica.
Hence, the Gumbel PDF is given as,
The combined SNR at the output of the MRC at D is the sum of two i.i.d. Gamma RV, where the PDF is given as,
Firstly, (12) and γ Srα = zβ Q + μ Q are substituted into I 1 from (11),
From (14), an additional substitution, z = t − μQ βQ is made, which yields, Secondly, substituting (13) into I 2 yields,
Referring to [13, (3.381-4) ], (16) can be obtained in closed form as,
Hence, using the above closed-form outcomes back into (11) yields the average PEP expression, which is given as,
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B. Symbol Error Probability (SEP) Analysis
1) Instantaneous SEP for OPRS-MCIM with GD:
Similar to (8), the overall instantaneous SEP is formulated as,
and the instantaneous SEP at Λ ∈ {r α , D α } is given as,
where P QAM,Λ is the instantaneous SEP of QAM symbols, per active sub-carrier, which is approximated as [14] ,
Substituting (20) and (9), into (19), yields,
Hence, the instantaneous SEP is found by substituting (21) into (18). However, for brevity the solution has been left out.
2) Average SEP for OPRS-MCIM with GD:
Here, the solution to the average SEP is obtained by taking the expectation of the instantaneous SEP over the SNRs, which is given as,
Provided that (21) is the sum of exponentials, I A can be broken down into a sum integrals. All integrals in I A are found to be in the same form, i.e., ∞ 0 exp (−Ax − Be −x ) dx. Hence, using [13, (3.331-1) ] and after some manipulations, I A yields (23), found on the next.
Similarly, I B can be broken down into a sum integrals, which are found to be in the same form, i.e., ∞ 0 x ν−1 e −μx dx. Referring to [13, (3.381-4) ], I B yields,
Finally, the average SEP can be found easily by inserting (23) and (24) into (22), whose expression is omitted for simplicity. . It is observed that the average SEP performance is significantly improved as Q is increased. For example, the power gain of 12 dB can be achieved for the average SEP of 10 −3 between Q = 1 and Q = 2. However, between Q = 2 and Q = 10 the power gain is only marginal. This can be explained by the average SEP being dominated by the weakest hop. Interestingly, despite MRC at the receiver, a diversity order of 1 is observed at the destination. Intuitively, this is explained by the imperfect decoding at the relays. The results in red depict (22), which has been numerically integrated using the exact PDF of γ Srα , as the asymptotic solution does not hold for lower values of Q. The analytical and numerically integrated results provide a tight bound to the simulation results with a 2 dB gap for the average SEP of 10 −3 when Q = m = 1, where the gap decreases when Q and m are increased.
In Fig. 3 , the average SEP performance of a dual hop OPRS-MCIM with GD, is also analyzed, with N = 4, K = 2, M = 4, m = {1, 2, 3}, and Q = 10. It is observed that as m is increased the average SEP significantly decreases. In particular, the power gain of 4 dB is achieved for the average SEP of 10 −3 . The analytical results provide a tight bound to the simulation for the average SEP ≤ 10 −1 . In particular, there is as 2 dB gap between analytical and simulation results for 
V. CONCLUSIONS
We proposed the new partial relay selection scheme for the dual hop multiple DF relay network. Taking into account the benefits of both the MCIM and the PRS, we designed the best relay selection rule that has decreased the error probability. For the performance evaluation, closed form expressions for both the average PEP and the average SEP have been derived over a general Nakagami-m fading channels. The derived expressions provide a useful insight into the error performance of hybrid MCIM and OPRS under various fading conditions. In presence of detection errors in the relays, we clearly showed that the achievable diversity order is limited to two while the power gains is determined by the number of relays and active subcarrier index rates.
